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	Natural sounds, including speech and environmental sounds, convey salient amplitude-modulation (AM) cues that play a crucial role in their identification (e.g., Shannon et al., 1995; Gygi et al., 2004). Many studies suggest that age and cochlear damage differentially affect the auditory processing of these AM cues (see Moore, 2007; Füllgrabe et al., 2015). These effects are reviewed below. However, further work is needed to tease out the respective contributions of sensory and non-sensory (e.g., memory, decision) factors to the effects of age and cochlear damage. For instance, recent work suggested that the decline in auditory sensitivity to AM associated with aging may result from reduced “processing efficiency”, that is a reduced ability of the central auditory system to make use of available sensory information (Füllgrabe et al., 2015). Changes in AM sensitivity associated with hearing loss may also result - at least partly - from reduced processing efficiency, especially when they are associated with aging, as in the case of presbycusis. The present study was designed to clarify the relative contributions of these sensory and non-sensory factors to AM detection for older hearing-impaired listeners by combining a psychophysical and modeling approach.
In a recent study (Wallaert et al., 2016), AM detection thresholds (AMDTs) were measured at 40 dB sensation level (SL) for young (22-28 years) and older (44-66 years) listeners with normal audiograms, using a carrier frequency of 500 Hz and modulation rates of 2 and 20 Hz. The number of modulation cycles, N, varied between 2 and 9. For both groups, AMDTs were lower for the 2-Hz than for the 20-Hz rate, and AMDTs decreased with increasing N. AMDTs were higher for the older than for the younger normal-hearing (NH) listeners for both AM rates. A similar effect was found by Füllgrabe et al. (2015), but some studies have found no clear effect of age (Schoof and Rosen, 2014; Paraouty et al., 2016; Paraouty and Lorenzi, 2016). The origin of the discrepancy across studies is not clear. It may partly reflect the fact that in several of these studies, the older listeners had higher absolute thresholds than the young listeners, even though both young and older listeners had thresholds within the normal range. Higher absolute thresholds may indicate a loss of cochlear compression, which can lead to better AM detection and offset the possible detrimental effect of age (see below for further discussion of the effects of cochlear compression). When the absolute thresholds of the older and younger groups are careful matched, AM detection appears to be slightly worse for older than for young listeners (Füllgrabe et al., 2015). In the study of Wallaert et al. (2016), the effect of increasing N on AMDTs was similar across groups. This suggest that aging reduces sensitivity to AM cues, while sparing temporal integration of these cues. 
The goal of the present study was to extend this investigation of AM sensitivity and temporal integration of AM cues to older listeners with sensorineural hearing loss. There are many studies of the effects of cochlear damage on AM sensitivity. These studies indicate that at comparable low SLs, hearing-impaired (HI) listeners show better AMDTs than NH listeners (Bacon and Gleitman, 1992; Moore et al., 1992, 1996; Füllgrabe et al., 2003). However, when compared at the same SPL, AMDTs are not consistently better for HI than for NH listeners (Grose et al., 2016; Schlittenlacher and Moore, 2016; Sek et al., 2015). The beneficial effect of hearing loss for stimuli presented at equal SLs was as large as 8 dB for low AM rates (Füllgrabe et al., 2003). These findings have been interpreted as resulting from either: i) the loss of fast-acting amplitude compression in the cochlea as a consequence of damage to the active mechanism (i.e., a loss of function of outer hair cells) (Moore et al., 1992, 1996) and/or ii) enhanced neural phase locking to temporal-envelope cues in auditory-nerve fibers (Kale and Heinz, 2010, 2012), an effect possibly resulting from changes in short-term neural adaptation (Scheidt et al., 2010). To the best of our knowledge, the effects of cochlear damage on the temporal integration of AM cues have not been investigated. Knowledge of these effects should help to clarify whether there are any effects of peripheral dysfunction on more central processes, since temporal integration of AM cues probably reflects central (i.e., decision) processes involving “multiple looks” (Viemeister and Wakefield, 1991; Sheft and Yost, 1990) or a template-matching process (Dau et al., 1997). However, peripheral dysfunction may result in increased neural noise which could have consequences for many levels of processing. This point is addressed in our modeling.
In the present study, AMDTs were measured at 40 dB SL for listeners with mild-to-moderate sensorineural hearing loss, aged between 50 and 64 years, using a 500-Hz sinusoidal carrier and modulation rates of 2 and 20 Hz. The number of modulation cycles, N, varied between 2 and 9. The data were compared with AMDTs measured for young and older NH listeners by Wallaert et al. (2016).  We chose to compare performance across groups using a fixed SL in order to equate the audibility of the stimuli. However, this necessarily meant using a higher sound pressure level (SPL) for the HI than for the NH listeners. Since AM detection for NH listeners improves with increasing SPL (e.g., Kohlrausch et al., 2000), differences across groups might be partly a consequence of differences in SPL. This should be borne in mind when interpreting the results. 




	Eleven older hearing-impaired (HIo) listeners aged between 50 and 64 years (mean = 59 years; standard deviation, SD = 4 years) participated. Audiograms for the tested (right) ears of all HIo listeners are shown as black circles in Fig. 1. Sensorineural hearing loss was diagnosed based on air-conduction, bone-conduction and impedance audiometry. HIo listeners had audiometric thresholds 60 dB HL between 0.25 and 4 kHz. The audiometric threshold at the tested frequency (0.5 kHz) ranged between 30 and 50 dB HL (mean = 40 dB HL; SD = 6 dB), indicating that the hearing loss was mild to moderate (Goodman, 1965). 
The data for 15 young NH listeners (NHy), aged between 22 and 28 years (mean = 24 years; SD = 2 years),  and 14 older listeners (NHo), aged between 47 and 66 years (mean = 57 years; SD = 8 years) collected by Wallaert et al. (2016) were compared with the present data. All NHy and NHo listeners had audiometric thresholds less than 20 dB HL for the tested (right) ear for octave frequencies between 0.25 and 3 kHz, but some of the NHo listeners had elevated audiometric thresholds for frequencies above 3 kHz. The mean audiometric threshold at 0.5 kHz was 9 dB HL (SD = 5 dB) for the NHo group and 8 dB HL (SD=3 dB) for the NHy group.
All listeners were fully informed about the goal of the study and provided written consent before their participation. This study was approved by the local ethical committee of University Paris Descartes (CERES, N° IRB : 20143200001072 and N° IRB : 20153600001072).

B. Procedure
	AMDTs were measured using a two-interval, two-alternative, forced-choice, adaptive procedure to estimate the 70.7% point on the psychometric function (Levitt, 1971). Each trial contained a target (modulated) and a standard (unmodulated) stimulus, in random order, with a silent interval of 600 ms between them. The root-mean-square level of the two stimuli was, on average, the same. However, to discourage the use of level cues, the levels of the standard and target stimuli were roved independently over a range of ±1.5 dB. The duration of each signal was determined by the number of modulation cycles, N, and the modulation rate, fm. N was 2, 3, 4, 5, or 9 cycles.
Each interval was marked by a light on the computer screen. Listeners were asked to indicate which interval contained the fluctuating sound. Correct answer feedback was provided. 
The tracking variable was the AM depth, m (see Eq. 1, below). A run started with the tracking variable well above the estimated detection threshold. The step size was a factor of 1.58 until two reversals had occurred, and 1.26 thereafter. Fourteen reversals were obtained for each run, and the threshold estimate for that run was taken as the geometric mean of the value of the tracking variable at the last six reversals. Two threshold estimates were obtained for each condition. The final estimate of the threshold was taken as the geometric mean of the two threshold estimates. 

C. Stimuli
	The stimuli were identical to those used by Wallaert et al. (2016). All stimuli were generated digitally at a sampling rate of 44.1 kHz. They were presented using Sennheiser HD 280 pro headphones (Old Lyme, CT) and an external soundcard (ECHO Indigo DJ 1-2, Santa Barbara, California; 16-bit resolution). The presentation level was 40 dB SL except for HIo listeners with absolute thresholds of 40 dB HL or more, for whom the level was limited to 80 dB SPL. Levels were calibrated using a Bruel & Kjaer (Nærum, Denmark) type 2250 sound level meter and type 4153 ear simulator. Stimuli were presented only to the right ear. 
	The carrier was a sinusoid with frequency fc= 500 Hz. This carrier was either unmodulated to produce the standard stimulus, or modulated sinusoidally in amplitude to produce the target stimulus. Eq. 1 describes the target stimulus T(t):
T(t) = [1 + m sin(2π fmt + 3π/2)] sin(2πfct + φ),			[1]
where  fm is the modulation rate (2 or 20 Hz), φ is the starting phase of the carrier, and t is time (expressed in s). The value of φ was randomly chosen for each stimulus. The starting phase of the modulator, 3π/2 radians, resulted in a modulation minimum at the onset and offset of the stimulus. Raised cosine ramps lasting 250 and 25 ms were applied after the AM for the modulation rates of 2 and 20 Hz, respectively. 

III. RESULTS
	The right-most panel in Fig. 2 shows the mean AMDTs for the HIo listeners, plotted as a function of N (black lines and symbols). The mean thresholds for the NHy listeners (left panel) and NHo listeners (middle panel), as measured by Wallaert et al. (2016), are plotted for comparison. In each panel, the filled circles and open triangles show the detection thresholds for fm = 2 Hz and for fm = 20 Hz, respectively. AMDTs are expressed as 20 log10m. 
The mean AMDT for fm = 2 Hz and N = 5 for the HIo listeners was identical to that reported by Füllgrabe et al. (2003) for a similar condition (fm = 4 Hz; fc = 2000 Hz; duration = 2 s; presentation level = 40 dB SL) for listeners aged between 53 and 77 years with mild-to-moderate sensorineural hearing loss.
Statistical analyses were restricted to comparison of the age-matched listeners: NHo and HIo. A repeated-measures analysis of variance (ANOVA) was conducted on the AMDTs with between-subjects factor group (2 levels: NHo and HIo) and within-subjects factors N (5 levels) and modulation rate (2 levels). The effects of each factor are described below. 

A. Effects of fm
The effect of modulation rate was significant [F(1, 23) = 42.5, p < 0.001]. For both groups, AMDTs were lower for fm = 2 Hz than for fm = 20 Hz. For the NHo listeners, the difference between AMDTs at fm = 2 and 20 Hz was 5-6 dB for N < 5, and 2-3 dB for N = 5 or 9. For the HIo listeners, the corresponding difference ranged between 4 and 7 dB, and was roughly independent of N. 

B. Effects of N
	The effect of N was significant [F(4, 92) = 52.9, p < 0.001]. For each modulation rate and each group, AMDTs decreased with increasing N. The decrease was greater for the HIo group for both modulation rates. For the NHo group, the decrease was 3-6 dB when N was increased from 2 to 9 cycles, but most of the effect of N occurred for N  5. The HIo group showed a more monotonic and larger decrease of 8-9 dB. 
There was a significant interaction between N and fm [F(4, 92) = 4.3, p = 0.003]. This reflects the fact that AMDTs decreased more with increasing N for fm = 20 Hz than for fm = 2 Hz. For fm = 2 Hz, AMDTs decreased by 6.2 dB (mean for the two groups; 3.8 dB for the NHo group; 8.6 dB for the HIo group) when N increased from 2 to 9. In comparison, for fm = 20 Hz, AMDTs decreased by 7.4 dB (5.6 dB for the NHo group; 9.1 dB for the HIo group) when N increased from 2 to 9.
A linear regression analysis was conducted on the individual AMDTs (20logm versus log(N)). A repeated-measures ANOVA was conducted on the resulting slopes with between-subject factor group and within-subjects factor fm. There was a significant effect of fm [F(1, 23) = 7.4, p = 0.012], a significant effect of group [F(1, 23) = 13.4, p = 0.001] and no significant interaction [F(1,23) = 1.1, p = 0.304]. These analyses indicate that temporal integration for AM detection was: i) greater for the HIo than for the NHo group; ii) greater at 20 Hz than at 2 Hz for both groups. 

C. Effects of group
	The effect of group was significant [F(1, 23) = 16.5, p < 0.001]. For all conditions, the AMDTs were lower for the HIo than for the NHo group. In addition, there was a significant interaction between N and group [F(4, 92) =5.4, p < 0.001]. The higher the value of N, the larger was the difference in AMDTs between the NHo and HIo groups, suggesting that temporal integration was greater for the HIo group. When N = 9, the difference in AMDTs between the NHo and HIo groups reached 8.2 and 5.6 dB for fm = 2 and fm =20 Hz, respectively. None of the other interactions involving group was significant, indicating that the pattern of results for AM detection for the two modulation rates did not differ significantly for the two groups, although the NHo group performed more poorly overall. None of the other interactions was significant.

IV. MODELING AM PROCESSING
A. Rationale
	The present data combined with those reported by Wallaert et al. (2016) show that aging per se degrades AM sensitivity while sparing temporal integration of AM cues, whereas hearing loss enhances both AM sensitivity and temporal integration of AM cues. It is unclear, however, whether the observed deficit in AM sensitivity associated with aging reflects a pure sensory deficit or, as suggested by Füllgrabe et al. (2015), a decrease of efficiency in processing temporal-envelope information. Assuming that such a reduction in processing efficiency does occur, it is unclear whether it results from an increase in internal noise (i.e., noise occurring after envelope extraction), degraded memory and decision capacities, or some combination of these factors. It is also unclear whether the enhanced AM sensitivity and temporal integration of AM cues associated with hearing loss reflect only peripheral changes such as reduced frequency selectivity and loss of fast-acting compression, or whether hearing loss is also associated with reduced processing efficiency. Again, if this is the case, it is unclear whether reduced processing efficiency for HIo listeners is a consequence of an increase in internal noise, degraded memory and decision capacities, or some combination of these factors. It is also unclear whether aging and hearing loss affect the same sources of internal noise (additive and/or multiplicative noises). To address these issues, performance was compared with the predictions of an envelope-processing model that included central limitations, such as different sources of internal noise, and a memory decay. The model is described in the next section.

B. The model 
A schematic diagram of the model is shown in Fig. 3. The first stage was a linear Gammatone filter that simulates the bandpass filtering of the basilar membrane in the cochlea (Patterson et al., 1995). The center frequency was set to 583 Hz. This corresponds to the center frequency of an auditory filter centered 1 ERBN (Glasberg and Moore, 1990) above 500 Hz. This filter was chosen to simulate off-frequency listening, consistent with the view that AM is perceived by monitoring fluctuations in excitation level on the high-frequency side of the excitation pattern (Zwicker, 1952, 1956; Moore and Sek, 1994). However, because the model employs a linear Gammatone filter (with compression applied in a subsequent stage), the exact choice of center frequency is somewhat arbitrary and is not critical for determining the outcome.  In the second stage, the output of the gammatone filter was half-wave rectified, subjected to instantaneous amplitude compression by raising the amplitude to the power C (C  1), and lowpass filtered (cutoff = 150 Hz, rolloff = 6 dB/oct). The compressed envelope obtained in this way was then highpass filtered (rolloff = 6 dB/oct) to simulate the effects of adaptation in the AM domain, as done by Tchorz and Kollmeier (1999; see their Fig 2). The cutoff frequency of the highpass filter was an adjustable parameter. The resulting signal was passed through a bandpass filter to simulate frequency-selective processing in the AM domain (Dau et al., 1997a,b). Although Dau et al. (1997a,b) assumed that the modulation filters had a Q value of about 2, more recent work suggests that the Q value is closer to 1 (Ewert and Dau, 2000; Ewert et al., 2002; Joosten et al., 2016; Lorenzi et al., 2001; Sek and Moore, 2002), and a value of 1 was assumed here (rolloff = 6 dB/oct). For each simulation, the center frequency of this modulation bandpass filter was set to the target AM rate (that is, 2 or 20 Hz). 
The envelope at the output of the modulation filter was then “degraded” by three sources of internal noise. These internal noises were introduced to limit the performance of the model when processing AM. They were applied in the following order: i) firstly, an additive noise, Eadd, as in Dau et al. (1997a,b), ii) then, a multiplicative noise, Emult, as in Ewert and Dau (2004), and finally iii) an additive time-varying memory noise, characterized by parameter Emem, which has not to our knowledge been used previously to model AM detection. All internal noises were modeled as Gaussian noises with zero mean, and added independently to each sample point of the output of the bandpass AM filter. For each type of internal noise, the magnitude was specified by its SD (expressed in arbitrary units (a.u.) for additive noises, and in dB for the multiplicative noise). Eadd was introduced to limit intensity discrimination and AM sensitivity (Dau et al., 1997a,b). Emult  was introduced to simulate the Weber’s law behaviour for AM-depth discrimination (Ewert and Dau, 2004; Schlittenlacher and Moore, 2016). The SD of the multiplicative noise was proportional to the root-mean-square value of the output of the AM filter (once combined with Eadd). Emem was introduced to simulate imperfect retention of temporal-envelope information in each observation interval, especially for very long stimuli (e.g., for 4.5-s long stimuli, as used when N = 9 and fm = 2 Hz). Note that the approach used here to model memory noise implicitly assumes that short-term memory processes are independent from sensory processes (e.g., temporal-envelope extraction). This is consistent with the view (common in vision research) that "memory processes are distinct from on-line perceptual analysis" (Magnussen, 2000; see also, Demany et al., 2003). A comparable approach was taken by Ardoint et al. (2008) to model discrimination of complex AM patterns. In the present work, the SD of the memory noise increased backward in time according to an exponential function with a 1.2-s half life. The parameter Emem corresponds to maximum value of the SD of the memory noise.  The resulting (noisy) output of the modulation filter was used as input to the decision stage of the model. 
The decision stage of the model was realized as a simplified version of the optimal detector described by Dau et al. (1997a,b). In each trial, the output of the model was computed for the two stimuli in that trial. A “template” was derived at the beginning of each simulated threshold measurement (that is, at the beginning of each adaptive staircase) when the target AM depth, m, was 1. The template was generated as the difference between the model output in response to the target and standard stimuli. This was done with all three internal noise sources set to zero. The template was then correlated (using the Pearson correlation coefficient) with the model output for each interval in a trial. The interval leading to the largest correlation was taken as the target interval identified by the model for that trial. Stimuli were generated as for the behavioural experiment, except that the presentation level was fixed for all simulations. Thirty thresholds were simulated and averaged for each condition. 
The values of some of the parameters were chosen based on previous data. The bandwidth of the Gammatone filter was set to 1 ERBN (Glasberg and Moore, 1990) to model the data for the NHy and NHo groups, and to 2 ERBN to model the data for the HIo group, simulating the reduced frequency selectivity associated with moderate sensorineural hearing loss (see Moore, 2007). The compression parameter C was set to 0.6 to model the data for the NHy and NHo groups, simulating “normal” cochlear compression, and to 1.0 to model the data for the HIo group, simulating the loss of compression associated with cochlear hearing loss. The value of Emult was set to 1 dB, as in Ewert and Dau (2004), so as to predict the threshold for detecting an increase in AM depth. The values of the other two noise parameters were chosen so as to fit the data for each group as well as possible. The values chosen are described below. The cutoff frequency of the highpass filter used to model adaptation was chosen so as to give a correct prediction of the relative values of the AMDTs for the two modulation rates. The effects of varying each of the adjustable parameters are described in more detail below.

B. Simulation results
	Figure 2 compares the best-fitting model simulations (grey symbols and dashed lines) with the empirical data (black symbols and continuous lines) for the NHy, NHo and HIo groups. For each set of simulations the prediction error (averaged across N) was less than 1 dB. The cutoff frequency of the highpass filter used to simulate the effects of adaptation was 3 Hz for all three groups. Eadd was set to 1.3, 1.7, and 6 arbitrary units (a.u.) to fit the data for the NHy, NHo and HIo groups, respectively, and Emem was 0.9 a.u. for all three groups. Note that the absolute values of Eadd and Emem are not meaningful since the values required to fit the data would depend on the scaling of the signal magnitudes and the sampling rate used. However, the relative magnitudes for the different groups are meaningful. The effects of varying each adjustable parameter are illustrated in Fig. 4, and are discussed later in this section. However, first, we discuss the main aspects of the data and simulations shown in Fig. 2.
The model simulations in the left panel nicely captured the effects of AM rate and N on the AMDTs for the NHy listeners. The simulated thresholds improved by 2.2 and 5.7 dB at fm = 2 and 20 Hz, respectively, when N was increased from 2 to 9. In comparison, the measured thresholds for the NHy listeners improved by 2.4 and 4.8 dB at for fm = 2 and 20 Hz, respectively, when N was increased from 2 to 9. 
The model simulations in the middle panel of Fig. 2 capture the detrimental effect of age reasonably well, although the fit to the data was better for fm = 20 than for fm = 2 Hz. The increase in AMDTs observed for the NHo listeners when N was increased from 3 to 5 was not predicted by the model and may reflect errors of measurement; generally, one would expect the AMDTs to improve or remain constant with increasing N, rather than to worsen. When N was increased from 2 to 9, the simulated AMDTs improved by 2 and 6 dB at for fm = 2 and fm=20 Hz, respectively. In comparison, the measured AMDTs improved by 4.2 and 6 dB at for fm = 2 and 20 Hz, respectively. 
The model simulations shown in the right panel of Fig. 2 capture the main trends in the data for the HIo listeners, namely the beneficial effects of hearing loss on AM sensitivity and temporal integration of AM information, although the simulated improvement in temporal integration was somewhat lower than observed. The simulated AMDTs improved by 6 and 7 dB at for fm = 2 and 20 Hz, respectively, when N was increased from 2 to 9. In comparison, the obtained AMDTs improved by 8.6 and 9 dB at for fm = 2 and 20 Hz, respectively. 
Figure 4 illustrates the effect of varying the parameters of various stages of the model on predictions of the data for the NHy listeners. The top-left panel of Fig. 4 shows the effect of doubling the bandwidth of the simulated auditory filter from 1 ERBN to 2 ERBN, simulating the reducced frequency slectivity assocaited with cochlear hearing loss. This led to very slightly improved AMDTs, probably because increasing the bandwidth of the filter resulted in a slightly increased level of the signal relative to the internal noises used in the model. Recall that the filter was centered slightly above the carrier frequency of the signal. 
The top-middle panel of Fig. 4 shows the effect of changing the adaptation stage of the model. When the cutoff frequency of the highpass filter was increased from 3 to 6 Hz, this had the effect of markedly elevating AMDTs for the 2-Hz AM rate and N = 9, giving predictions that were clearly inconsistent with the data. When the adaptation stage was removed (“off” condition), this led to predicted AMDTs for the 2-Hz AM rate that were markedly better than the obtained values for all values of N. Manipulating the characteristics of the adaptation stage had no effect on the predicted AMDTs for the 20-Hz AM rate. Overall, it seems clear that the characteristics of the adaptation stage are important for predicting the relative values of the AMDTs for the 2- and 20-Hz AM rates, and for predicting the variation of AMDTs with N for the 2-Hz rate. The highpass filter cutoff frequency of 3 Hz gave good predictions of these aspects of the data for all three groups, suggesting that adaptation did not differ markedly across the groups.
The top-right panel of Fig. 4 shows the effects of removing amplitude compression (C = 1.0) on the predicted AMDTs, simulating the loss of compression associated with cochlear hearing loss. As expected, removing compression dramatically improved the predicted thresholds for both AM rates. This was a consequence of the expansion of temporal-envelope cues at the output of the Gammatone filter and the subsequent improvement in the internal signal-to-noise ratio; the representation of the envelope became larger relative to the two sources of additive noise, Eadd and Emem. The effect of removing compression was greatest for fm = 2 Hz and N = 9, the condition for which the additive memory noise Emem had its most important limiting effect. The predicted beneficial effect of loss of compression was actually much larger than observed in the data for the HIo group. That is why the value of Eadd for that group was increased to 6 a.u., in order to predict overall values of the AMDTs that were consistent with the data. 
The bottom-left panel of Fig. 4 shows the effects of increasing the additive noise (Eadd) from 1.3 to 1.7 a.u. This led to an increase in predicted AMDTs for both AM rates and all N, but the increase was especially marked for the AM rate of 2 Hz and N = 9. The predicted AMDT for the latter condition was higher than the predicted AMDT for the AM rate of 2 Hz and N = 5, which is not consistent with the experimental data. Hence, the magnitude of the additive noise Eadd is important for characterizing the variation of AMDTs with N for the AM rate of 2 Hz. 
The bottom-middle panel of Fig. 4 shows the effects of increasing the multiplicative noise (Emult) from 1 to 3 dB. To a first approximation, the effects resemble those produced by increasing the additive noise Eadd, making it difficult to disentangle the effects of the two types of noise. Thus,  the model does not make it possible to determine whether the general decrease in AM sensitivity associated with aging is caused by an increase in additive or multiplicative noise. However, the two noises do have distinct effects when the compression parameter is modified, since decreasing compression results in an increase of the effect of the multiplicative noise but not the additive noise. Hence, the relative magnitudes of the additive and multiplicative noises are important for predicting the results for the HIo listeners.
The bottom-right panel of Fig. 4 shows the effects of removing the memory noise (Emem). This had little effect for the 20-Hz AM rate, which is not surprising given the short duration of the stimuli even for N = 9. Removing the memory noise led to a marked improvement in predicted AMDTs for the 2-Hz AM rate and N = 9, which was not found in the experimental data. Hence, the memory noise appears important in accounting for the finding that for the 2-Hz AM rate, performance did not improve as N was increased from 5 to 9. 




	For each value of N and for both AM rates, AMDTs for the HIo listeners were significantly lower (i.e., better) than those for the NHo listeners tested at the same SL. The interaction between group and modulation rate was not significant. This beneficial effect of hearing loss on AM sensitivity is consistent with previous results obtained for older listeners with sensorineural hearing loss (e.g., Bacon and Gleitman, 1992; Füllgrabe et al., 2003; Moore et al., 1992; Moore and Glasberg, 2001; Schlittenlacher and Moore, 2016) when the NH and HI groups were compared at equal SLs. 
The beneficial effect of sensorineural hearing loss on AM sensitivity is often interpreted as resulting from the loss of cochlear compression and the associated loudness recruitment (e.g., Moore et al., 1996), although animal studies suggest that abnormal transduction and short-term adaptation may also play a role (Kale and Heinz, 2010; Scheidt et al., 2010). Cochlear damage, and more specifically damage to outer hair cells, leads to loss of the fast-acting compression operating in the normal cochlea, yielding an abnormally rapid growth in loudness as sound level is increased (Moore, 2007). Because the amplitude fluctuations of incoming sounds are no longer compressed, loudness recruitment has the effect of perceptually "magnifying" these amplitude fluctuations (Moore et al., 1996) and this may explain why improved AM sensitivity is often observed for hearing-impaired listeners when compared at the same SL. 
In the present study, the interaction between N and group was significant, indicating that the ability to integrate AM information increases with sensorineural hearing loss. Indeed, for both rates, the higher the value of N, the larger was the difference in AMDTs between the NHo and HIo listeners. This difference reached 8-9 dB for N = 9. This indicates that sensorineural hearing loss does not impair and may even improve the central processes underlying temporal integration, such as the combination of "multiple looks" (Viemeister and Wakefield, 1991) or a template-matching process (Dau et al., 1997). This is consistent with the notion that at least some aspects of "processing efficiency" related to the short-term storage of AM information and decision making do not decline with sensorineural damage. This appears to contrast with the results for temporal integration for pure-tone detection which show reduced temporal integration for HI listeners (e.g., Florentine et al., 1988). Oxenham et al. (1997) proposed that this reduced temporal integration could be a consequence of reduced peripheral compression, although this interpretation has been questioned by Plack and Skeels (2007). At present, the origin of the reduced temporal integration for pure-tone detection for HI listeners remains unclear.

B. Modeling results
	The modeling study showed that it was possible to account for the data for NHy listeners using assumptions that formed the basis of previous models of envelope processing (Dau et al., 1997a,b; Ardoint et al., 2008). Firstly, some form of high-pass envelope filtering, simulating short-term adaptation, is required to account for the effect of AM rate. Secondly, template matching can account for some aspects of the temporal integration of AM information. Thirdly, short-term memory limitations are required to account for the limited temporal integration that occurs for low (2-Hz) AM rates, when the stimulus duration exceeds 1-2 s. 
	The modeling study also showed that the data for NHo listeners could be accounted for without any change to the peripheral stages of the model (cochlear filtering, amplitude compression, and adaptation) or to the temporal-envelope analysis stage (AM bandpass filtering). This is consistent with the view that processing of low-rate AM is affected only slightly if at all by aging (Takahashi and Bacon, 1992; Füllgrabe et al., 2015). Finally, the data for NHo listeners could be accounted for without any change to the template-matching mechanism and memory limitations. The psychophysical and modeling data therefore suggest that aging spares short-term memory and decision processes. This is consistent with previous work showing that short-term memory (the temporary storage of information) is almost unaffected by age (e.g., Füllgrabe et al., 2015). However, the additive and/or multiplicative internal noise had to be slightly increased to account for the general decline in AM sensitivity for NHo listeners. This suggests that aging degrades at least some aspects of processing efficiency. The exact nature of the reduced processing efficiency needs to be clarified in future work. The increase in internal noise may be caused by envelope under-sampling resulting from a reduction in the number of auditory-nerve fibers (Kujawa and Liberman, 2009; Sergeyenko et al., 2013) and/or from greater neural noise at stages following the auditory nerve. It was not possible to determine from our data whether the general decrease in AM sensitivity associated with aging is caused by an increase in additive or multiplicative noise. However, if aging results in increased multiplicative noise, then poorer-than-normal AM-depth discrimination performance should be observed for NHo listeners. Schlittenlacher and Moore (2016) did not find such an effect, suggesting that multiplicative noise does not increase with increasing age. 
	Finally, the modeling study showed that the main trends in the data for HIo listeners could be reproduced if amplitude compression in off-frequency channels was reduced or abolished. There was no need to modify the adaptation, envelope extraction, envelope processing (AM bandpass filtering), short-term memory and template-matching stages of the model to account for the data for HIo listeners. This suggests that cochlear hearing loss spares modulation filtering (consistent with the data of Sek and Moore, 2006), short-term memory, and decision factors. However, the additive internal noise had to be increased substantially to counterbalance the beneficial effect of loss of cochlear compression on AM sensitivity and predict AMDTs close to those obtained. This suggests that hearing loss degrades at least some aspects of (central) processing efficiency.

V. CONCLUSIONS
	The effects of age and sensorineural hearing loss on AM sensitivity and temporal integration of AM cues were investigated. This was achieved by measuring AM detection thresholds (AMDTs) at 40 dB SL for a group of listeners with mild-to-moderate sensorineural hearing loss, aged between 50 and 64 years, using a carrier frequency of 500 Hz and modulation rates of 2 and 20 Hz. The number of modulation cycles, N, varied between 2 and 9. The data were compared with AMDTs measured for young and older normal-hearing listeners (Wallaert et al., 2016).
The data for both AM rates show that aging per se degrades AM sensitivity while sparing temporal integration of AM cues, whereas hearing loss enhances both AM sensitivity and temporal integration of AM cues. When compared with the data for older normal-hearing listeners, the improvement in AM sensitivity associated with sensorineural hearing loss was as large as 8 dB, and temporal integration of AM cues was increased by 3-4 dB over the range of N tested here.
A computational model based on peripheral filtering and envelope extraction followed by a modulation filterbank and a template-based optimal detector was developed to account for the data. AM detection was limited by three internal noises (an additive and a multiplicative noise, and an additive memory noise), applied after modulation filtering. 
Taken together, the psychophysical and simulation data suggest that the loss of amplitude compression in the impaired cochlea is mainly responsible for the enhanced sensitivity and temporal integration of temporal-envelope cues found for hearing-impaired listeners. They also suggest that, for AM detection, sensorineural hearing loss is associated with a substantial increase in internal noise, but with preserved short-term memory and decision mechanisms. 
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FIG. 1. Thin lines show individual audiometric thresholds and filled circles show mean audiometric thresholds for the older hearing-impaired (HIo) listeners for the right ear. The mean data for the young normal-hearing (NHy, open triangles) and older normal-hearing (NHo, filled gray triangles) listeners are replotted from Wallaert et al. (2016). Error bars indicate 1 standard error of the mean. They are omitted when they would be smaller than the size of the symbol used to plot the data. 

FIG. 2. Mean AM detection thresholds (AMDTs, black symbols and continuous lines) for the HIo group plotted as a function of N (right panel). The mean AMDTs for the NHy listeners (left panel) and NHo listeners (middle panel) are taken from Wallaert et al. (2016).  Simulated AMDTs (grey symbols and dashed lines) are shown for the models for NHy, NHo and HIo listeners.  The filled circles and open triangles show the thresholds for fm = 2 Hz and for fm = 20 Hz, respectively. 

FIG. 3. Schematic of the model of AM processing.

FIG. 4. Effects of modifying parameters of the model used to fit the data in Fig. 2 (for NHy listeners). Black continuous lines indicate predictions using the same parameters values as for Fig. 2. Grey dashed lines indicate predictions using the modified parameters values. The modifications were : (i) increasing the peripheral auditory filter bandwidth by a factor 2 (top-left panel); (ii) increasing the cutoff frequency of the highpass filter simulating adaptation from 3 to 6 Hz, or removing the highpass filter (“off”) (top-middle panel); (iii) removing the compression (C = 1; top-right panel); (iv) changing the amount of additive noise from 1.3 to 1.7 a.u. (Eadd ; bottom-left panel); (v) changing the amount of multiplicative noise from 1 to 3 dB (Emult ; bottom-middle panel); and (vi) removing the memory noise (“off”; Emem ; bottom-right panel). Different y-axis ranges were used for the top and bottom panels, to improve visibility. See text for details.
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